Why do we need oral drug delivery via nanocarriers? {#s0001}
===================================================

For the majority of people worldwide, the oral administration of pharmaceuticals is the preferred method of application. Despite the obvious advantage of being pain free, it also offers the feature of being noninvasive and overall convenient to handle. Taking the pharmaceutical market of Germany as an example, in 2017, 120,257 of 163,478 (74%) drugs are available for the peroral application (Abdata.de, [@CIT0001]). This includes several types of tablets, powders, granulates, drops, and syrups.

However, the oral dosage form also has several drawbacks. Before the orally applied drug is able to reach its target, in most instances it needs to overcome multiple compartments of the human body, which is challenging for a broad spectrum of pharmaceuticals, especially for protein- or peptide-based ones. In general, the first major challenge for the drug after ingestion is surviving the harsh acidic pH value in the stomach. In addition, the proteases pepsin and cathepsin start to digest proteins into peptides. Once the drug surpasses the stomach and enters the small intestine via the duodenum, it faces the major enzymatic digestion machinery of the human body. Oligosaccharides and maltose are degraded into glucose, fructose, galactose, and mannose via sucrase, maltase, and lactase. Lipids are cleaved into glycerol and fatty acids via the pancreatic triacylglycerol lipase and carboxyl ester lipase. Peptides are digested into amino acids via trypsin, chymotrypsin, carboxypeptidase, dipeptidase, and aminopeptidase.

Upon surviving these two major locations of digestion in the human body, the drug needs to be absorbed primarily via enterocytes in the small intestine to reach the bloodstream. Up to now, many pharmaceuticals exhibit a fairly low resorption percentage, resulting in a poor bioavailability (Mei et al., [@CIT0054]).

Thus, preventing the drug from degradation and enhancing the absorption rate in the small intestine highly improves the impact of orally applied pharmaceuticals. Up to now, many drugs are formulated with an enteric coating. This coating mostly consists of a polymeric layer, which is stable at low pH values and therefore protects the active ingredient from dissolving in the stomach. Upon reaching the rather alkaline pH milieu in the small intestine, the enteric coating breaks down and the drug gets accessible. At this point, it can either have the desired effect directly in the small intestine or get absorbed by enterocytes and transported into the bloodstream, from where it can reach its target cells. Nevertheless, even with such a coating, many pharmaceuticals still exhibit a poor bioavailability via the oral administration route. A prominent example for this problem is the peptide hormone insulin, which is crucial for the glucose absorption from blood. If a patient is suffering from insulin-dependent types of diabetes mellitus, he or she needs to regulate his blood sugar levels via subcutaneous injections of insulin multiple times each day. For millions of people worldwide living with diabetes mellitus (422 million in 2014, World Health Organization, [@CIT0089]\]), an oral dosage form of insulin would significantly increase the quality of life. Up to now, however, there is no orally applied insulin available since the majority of the peptide hormone gets degraded via proteases before it can reach the target cells.

One of the most promising approaches to overcome the aforementioned obstacles for oral drug delivery is the employment of nanomedicines . Nanomedicines can be defined as either nanoscale (\<100 nm) imaging agents or therapeutic agents that lead to a systematic enhancement, protection, controlled release, precise targeting, or less cytotoxicity of a drug. During the last years, the range of different nanomedicines has been considerably expanded. In 2016, there were already 51 FDA-approved nanomedicines available and 77 nanomedical products in clinical trials (Bobo et al., [@CIT0006]). Currently, the most clinically relevant nanomedicines are liposomal, protein-based, polymeric/micelle-based, iron oxide, silica, and gold nanoparticle (NP) formulations (Anselmo & Mitragotri, [@CIT0002]; Bobo et al., [@CIT0006]).

For oral drug delivery, especially the encapsulation or complexation of a drug into nanomaterials is relevant. The result, a nanocarrier, is ideally able to: (1) protect the drug from the harsh conditions in stomach and intestine, (2) increase the intestinal absorption into the bloodstream, (3) target specific cells in the human body, and (4) guarantee a controlled release inside the target cells.

In contrast to the fact that most of the drugs worldwide get manufactured for the oral application, nearly all of the FDA-approved nanomedicines are dependent on intravenous injection. Up to date, there is no FDA-approved nanocarrier designed specifically for oral drug delivery. There are, however, several *in vivo* animal studies that show an increased bioavailability of encapsulated or complexed drugs after oral administration. For example, the complexation of daidzein into lipid nanocarriers and subsequent oral administration yielded an increase in bioavailable daidzein in the blood by at least 10-fold over the oral administration of free daidzein in rat studies (Zhang et al., [@CIT0094]). The encapsulation of insulin into (chitosan-coated) solid lipid NPs resulted in a major boost in relative pharmacological bioavailabilities of 8% (uncoated) and 17% (chitosan-coated) of insulin in rats (Fonte et al., [@CIT0025]). The oral bioavailability of probucol, a lipophilic drug, could be increased by approximately 10-fold after incorporation into a porous starch based self-assembled nanodelivery system in rat experiments (Zhang et al., [@CIT0093]).

Nevertheless, the discrepancy between a high number of examined nanocarriers in animal studies and the absence of FDA-approved nanocarriers for oral drug delivery indicates major difficulties in the development of such carrier systems for the human body. This review focuses on these major obstacles for oral drug delivery via nanocarriers, highlighting the importance to cross natural barriers of the human body.

Natural barriers of the human body and their implications for oral drug delivery via nanocarriers {#s0002}
=================================================================================================

The major obstacle for oral drug delivery via nanocarriers is the fact that the nanocarrier needs to cross several natural barriers of the human body before the incorporated drug can reach the target cell. Once being ingested, the nanomaterial will protect the drug from the acidic milieu and the proteolytic 'thunderstorm' in the stomach. After leaving the stomach, the nanocarrier enters the small intestine and is transported along the duodenum, jejunum, and ileum ([Figure 1](#F0001){ref-type="fig"}). Here, either the cargo needs to be released for intestinal absorption or the nanocarrier itself needs to be taken up. Otherwise, the nanocarrier will inevitably be withdrawn from the human body, since the colon does not have the capacity to absorb solid materials. While the small intestine is adsorbing the nutrients, the colon afterward solely reduces the amount of water in the feces. Following this uptake in the small intestine, the nanocarrier needs to traverse the layer of epithelial cells to reach the lamina propria. From there on, the next obstacle is a layer of endothelial cells of the blood vessel, which the nanocarrier needs to transverse in order to reach the lumen of the blood vessel. Once the nanocarrier enters the bloodstream, there are two possibilities. Either the drug can be directly released into the blood stream or further transported to a target cell. However, the second possibility bears two additional barriers -- the traversal through endothelial cells to exit the blood stream as well as the entering into the target cell.

![Anatomy of the small intestine and the implications for orally applied nanocarriers. Multiple consecutive close-ups are displayed. In order to enter the bloodstream, orally applied nanocarriers have to cross multiple borders of the human body. Especially the uptake and crossing of enterocytes in the small intestine mark a key challenge in oral drug delivery via nanocarriers.](IDRD_A_1501119_F0001_C){#F0001}

As aforementioned, for a functional and reliable oral drug delivery via nanocarriers, the crossing of multiple cellular borders is crucial. The barrier function of epithelial cells is achieved by a cell connection via tight junctions, adherens junctions, and desmosomes. Together, this results in nearly no intercellular space between the cells. In endothelial complexes, these properties are accomplished by tight junctions, adherens junctions, and gap junctions (Bazzoni & Dejana, [@CIT0005]). Epithelial cells cover nearly all tissues, whereas endothelial cells are only present on the interior surface of blood and lymphatic vessels. The biological function of both is a protection mechanism of the underlying tissue. Although being diverse in their morphology, virtually all endo- and epithelial cells are polarized and consist of an apical and a basal side. One of the most challenging aspects of drug delivery via nanocarriers is to overcome these barriers. Therefore, a fundamental understanding of the molecular mechanisms of entering and crossing epi- and endothelial cells is crucial for the development of nanomedicines.

In this review, we focus on the first barrier of the human body for nanocarriers to overcome the intestinal barrier. The complex structure of the human gastrointestinal tract is established by villi, which increase the absorptive intestinal surface area to about 300--400 m^2^ (Schenk & Mueller, [@CIT0076]). Enterocytes, goblet cells, and M cells, all linked via tight junctions, represent the majority of cells in a villus. The small intestine, naturally responsible for the absorption of nutrients, is divided into duodenum, jejunum, and ileum. In these areas, villi are covered with mucus layers with a different thickness, ranging from 120 µm to 480 µm (Ensign et al., [@CIT0021]). Mucus is produced by goblet cells to protect epithelial cells from bacterial interactions as well as physical damage by ingested food (Kim & Ho, [@CIT0043]). However, despite being unarguably highly important for the protection of the human intestine, it marks the very first hurdle to overcome for orally applied nanocarriers. Many nanomaterials get immobilized by the mucus gel layer (Olmsted et al., [@CIT0060]) and thus are not even able to reach the intestinal epithelial cell layer. Especially a decoration with polyethylene glycol (PEG) chains (Lai et al., [@CIT0046]; Wang et al., [@CIT0083]), the combination of anionic and cationic charges (Lai et al., [@CIT0048]; de Sousa et al., [@CIT0015]) and the usage of self-nanoemulsifying drug delivery systems (SNEDDS) (Hintzen et al., [@CIT0036]) are valuable approaches to penetrate the mucosal barrier (Dünnhaupt et al., [@CIT0018]). A different approach is the decoration of NPs with proteolytic enzymes like papain to cleave mucoglycoprotein substructures, which demonstrably increases mucosal penetration (Müller et al., [@CIT0057]).

The major obstacle after penetrating the mucus layer is, however, crossing the first line of epithelial cells. Once the nanocarrier reaches the apical side of the cells, there are two possibilities for the transport to the basal side. The first is a paracellular transport, which involves a loosening of tight junctions and a transport between epithelial cells without a cellular uptake. A promising material for achieving paracellular transport is chitosan, a polysaccharide, which is demonstrably able to reversibly open tight junctions (Rosenthal et al., [@CIT0069]). Nevertheless, for most nanocarrier systems, a paracellular transport is either toxic when inevitably also other constituents of the feces are diffusing through the opened paracellular route or simply not feasible due to size restrictions. The second possibility is transcytosis, which is defined as the transport of a molecule through the interior of a cell. This process consists of an uptake, preferably endocytosis, a transport within the cell as well as a withdrawal from the interior of the cell, namely exocytosis.

Lysosomes as final fate for nanocarriers {#s0003}
========================================

Lysosomes are spherical, ovoid, or tubular intracellular vesicles with an acidic pH value (pH 4.5--5) (Mindell, [@CIT0056]). Their size varies between \<1 µm and several microns, depending on the cell type (Saftig, [@CIT0071]). The physiologic purpose is mainly an enzymatic degradation or a respective recycling of either foreign molecules or cellular compounds (Saftig & Klumperman, [@CIT0070]). In addition, lysosomes are demonstrably involved in secretion, plasma membrane repair, signaling, and energy metabolism processes (Settembre et al., [@CIT0079]). Despite being an absolute necessity for eukaryotic cells, the lysosomal system marks one of the biggest hurdles for the transcytosis of nanocarriers. Regarding the majority of nanocarrier systems, the tendency can be described as EEDD: easy entrance, difficult discharge. This implies that the process of endocytosis is substantially easier than exocytosis for nanocarriers. Once NPs get taken up by cells, an overwhelming majority gets trafficked along the endolysosomal pathway. This typically involves a transport from early to late endosomes and their maturation into or fusion with lysosomes (Hofmann et al., [@CIT0038]; Hu et al., [@CIT0039]; Lerch et al., [@CIT0050]). If a NP reaches this 'final destination' of a eukaryotic cell, there is often no escape. This means the carrier either gets degraded via enzymes or is, depending on the material, infinitely accumulated. This especially, however not exclusively, applies for the trafficking through the epithelial cell layer in the small intestine, since it is the first barrier to overcome for nanocarrier systems.

[Figure 2](#F0002){ref-type="fig"} shows an example for nanocarriers stuck in the endolysosomal system. Here, polystyrene NPs in a concentration of 500 µg/mL were added to Caco-2 cells and incubated for 24 hours. This resulted in huge endolysosomal structures up to 2 µm in diameter as revealed by cLSM and TEM studies. In order to avoid such an accumulation or degradation, major development in the field of nanocarrier synthesis has to be done. Either the endolysosomal needs to be avoided completely or endosomes or lysosomes need to be triggered to fuse with the cell membrane and release the nanocarriers or nanocarriers need to escape the endolysosomal system to be able to get released from the cell again.

![Close-up of nanoparticles trapped in late endosomes/lysosomes. In this study, Caco-2 cells were incubated with 500 µg/mL polystyrene nanoparticles for 24 hours. The addition resulted in huge endolysosomal structures up to 2 µm in diameter as analyzed by (A) confocal laser scanning microscopy (scale bar =10 µm) and (B) transmission electron microscopy (Reinholz et al., [@CIT0066]). Reprinted from J. Reinholz, C. Diesler, S. Schöttler, M. Kokkinopoulou, S. Ritz, K. Landfester, V. Mailänder, Protein Machineries defining Pathways of Nanocarrier Exocytosis and Transcytosis, Acta Biomaterialia, Copyright (2018) with permission from Elsevier.](IDRD_A_1501119_F0002_C){#F0002}

Next, we highlight different mechanisms for uptake, transcytosis, and exocytosis and discuss the effects of different nanocarrier properties and functionalizations.

Endocytosis in epithelial and endothelial cells {#s0004}
===============================================

In general, endo- and epithelial cells use multiple pathways of internalization. Endocytosis mechanisms and efficiencies mainly depend on size, charge, and surface properties of the nanomaterial. The major pathways for the internalization of nanomaterials in endo- and epithelial cells are clathrin-mediated, caveolin-mediated, and lipid-raft-mediated endocytosis as well as macropinocytosis, phagocytosis, and receptor-mediated endocytosis (Sahay et al., [@CIT0072]). For the determination of endocytosis pathways, often pharmacological inhibitors are used (Iversen et al., [@CIT0040]; Dutta & Donaldson, [@CIT0019]). For example, chlorpromazine can inhibit clathrin-mediated uptake by a inducing a reversible translocation of clathrin and adapter proteins from the plasma membrane to vesicles (Wang et al., [@CIT0084]); amiloride and EIPA inhibit micropinocytosis by either lowering the submembranous pH value and preventing Rac1 and Cdc42 signaling (amiloride) or inhibiting the Na^+^/H^+^ pump on plasma membranes (EIPA) (Kerr & Teasdale, [@CIT0042]; Koivusalo et al., [@CIT0044]; Ozdener et al., [@CIT0061]); genistein can inhibit caveolae-mediated uptake via its function as a tyrosine kinase inhibitor (Pelkmans et al., [@CIT0064]); and methyl-β-cyclodextrin depletes cholesterol from the cell membrane and can therefore also be used for the inhibition of caveolae-mediated uptake (Mahammad & Parmryd, [@CIT0053]). However, nearly all pharmacological inhibitors induce side effects and can effect multiple pathways of internalization (Iversen et al., [@CIT0040]). Many studies focus on endocytosis in Caco-2 (human colorectal adenocarcinoma) cells, since the intestine is the first barrier to overcome within the scope of oral drug delivery via nanocarriers. In general, positively charged NPs tend to be taken up better than negatively charged NP, which could be shown for 50 nm and 100 nm PS-NP in Caco-2 cells (Bannunah et al., [@CIT0004]). The same study pointed out that positively charged NPs were endocytosed via a mixture of the clathrin-mediated pathway, a cholesterol-dependent pathway, and micropinocytosis, while negatively charged NP uptake was primarily mediated via lipid raft pathway (caveolae). Endocytosis of exogenous iron-loaded ferritin was shown to be clathrin-mediated (Antileo et al., [@CIT0003]), while for 80 nm PLGA-NPs, a co-mediation of clathrin, lipid raft, caveolin, and macropinocytosis was observed (He et al., [@CIT0034]). Wheat germ agglutinin-functionalized polymeric NPs with a size around 120 nm were also shown to be predominantly internalized via the clathrin-mediated pathway (Song et al., [@CIT0080]). In addition, some studies examined the endocytosis pathways of natural material in Caco-2 cells. For example, pure DNA fragments as well as human IgG are presumably internalized via macropinocytosis (Sato et al., [@CIT0075]; Johannessen et al., [@CIT0041]), whereas for vitamin B~12~, the clathrin-mediated pathway is used (Fowler et al., [@CIT0026]). However, by combining such natural material with NPs via bioconjugations, the endocytosis mechanisms can be altered, which can subsequently be used to increase the uptake and possibly the transcytosis efficiency.

A second cell line widely used in the investigation of endocytosis in epithelial cells is the MDCK cell line (Madin-Darby canine kidney epithelial cells). Recent studies show that 100 nm PLGA-NPs in these cells are internalized via caveolae/lipid-raft-mediated endocytosis as well as via clathrin-mediated endocytosis, while no macropinocytosis was observed (He et al., [@CIT0034]). On the other hand, positively charged 20 nm and 120 nm PS-NPs enter MDCK cells predominantly via clathrin-mediated endocytosis (Fazlollahi et al., [@CIT0022]). The PEG-PLA NPs with a size of approximately 90 nm were internalized mainly via clathrin-mediated endocytosis, while macropinocytosis was also involved (Harush-Frenkel et al., [@CIT0033]). Furthermore, positively charged hexanoyl-chitosan NPs entered MDCK cells far more efficiently than negatively charged succinyl-chitosan NPs (Zubareva et al., [@CIT0095]).

In contrast to epithelial cells, caveolae are believed to be the most abundant endocytotic structures in endothelial cells lining the blood vessels (Ehrenberg et al., [@CIT0020]). Thus, many studies have focused on caveolin-mediated endocytosis of nanomaterial. For example, 20--100 nm BSA-coated polymeric NPs in BLMVEC (bovine lung microvascular endothelial) cells mainly get internalized via this pathway (Wang et al., [@CIT0087]). Approximately 70 nm sized nano-Mg(OH)~2~ particles are endocytosed via the same caveolin-mediated pathway in HUVEC (human umbilical vein endothelial) cells (Meng et al., [@CIT0055]). However, for 43 nm PS-NP in HUVEC cells, a clathrin-mediated uptake was shown. Interestingly, the same cells endocytosed 24 nm PS-NP via a clathrin- and caveolin-independent mechanism (Lai et al., [@CIT0046]). Similar results were shown for 20 nm and 40 nm gold NPs in HMEC-1 (human microvascular endothelial) cells, although in this study also, macropinocytosis was observed (Landgraf et al., [@CIT0049]). Moreover, like in epithelial cells, different functionalizations of NPs also lead to an altering of pathways. For example, 35 nm poly(2-hydroxypropylmethacrylamide)-coated gold NPs were internalized into hCMEC/D3 (human brain endothelial) cells by a clathrin- and caveolin-independent mechanism involving flotillin (Freese et al., [@CIT0027]).

The adsorption of proteins on nanomaterial could potentially play a role in endothelial and epithelial endocytosis processes. This is widely discussed for the intravenous route of application but not for the oral route. Once a nanocarrier comes in contact to body fluids (in case of oral drug delivery possibly already in the mouth and GI tract, and in case of intravenous application in the blood stream), it gets covered with proteins (Cedervall et al., [@CIT0007]; Walczyk et al., [@CIT0082]; Schöttler et al., [@CIT0077]). This forms a so-called protein corona and can substantially alter endocytosis efficiencies, as described for other cell lines like HeLa cells or human mesenchymal stem cells (Ritz et al., [@CIT0067]) and might therefore also alter cellular pathways. Next, no research has been done about utilizing these differences in protein corona compositions regarding transcytosis processes in endo- or epithelial cells. To our knowledge, the only study so far that focused on the utilization of a protein corona for transcytosis reported differences in transcytosis efficiencies after the formation of a protein corona in HUVECs; however, these effects varied widely between different sized NPs (Ho et al., [@CIT0037]). The identification of protein--NP interactions in the intestine and the implications for transcytosis might therefore be one of the new and most fascinating challenges for the development of nanocarriers for oral drug delivery.

In summary, pathways of endocytosis in both endo- and epithelial cells show remarkable similarities ([Table 1](#t0001){ref-type="table"}). Recent results show that both cell types use more than one pathway for the internalization of (nano)-material. However, clathrin-mediated endocytosis and caveolin-mediated endocytosis seem to play a key role in most of the examined nanomaterial and cell lines. The choice of nanocarriers and their respective sizes and charges therefore needs to be thoroughly evaluated. Although thought to be important, there is not much work done in the field of connecting uptake mechanisms into gut endothelial cell lines and correlating it with transcytosis efficiency. Here, we see an important field for further research.

###### 

Uptake mechanisms of various nanomaterials in endo- and epithelial cell lines.

  NP characterization           NP size              Uptake mechanism                                                            Strategy                                                           Cell line   Study
  ----------------------------- -------------------- --------------------------------------------------------------------------- ------------------------------------------------------------------ ----------- -------------------------------------
  Positively charged PS-NP      50 and 100 nm        Clathrin-mediated, cholesterol-dependent, and macropinocytosis              Chlorpromazine, amiloride Methyl-β-cyclodextrin                    Caco-2      (Bannunah et al., [@CIT0004])
  Negatively charged PS-NP      50 and 100 nm        Lipid-raft-associated uptake (caveolae)                                     Genistein                                                          Caco-2      (Bannunah et al., [@CIT0004])
  PLGA-NP                       80 nm                Co-mediation of clathrin, lipid raft/caveolae, and macropinocytosis         Methyl-β-cyclodextrin, EIPA, PAO, nystatin, indomethacin           Caco-2      (He et al., [@CIT0034])
  WGA-PEG-NP                    120 nm               Clathrin-mediated, depending on surface PEG length                          Chlorpromazine                                                     Caco-2      (Song et al., [@CIT0080])
  PLGA-NP                       100 nm               Clathrin-mediated, lipid-raft-mediated                                      Nystatin, hyperosmotic sucrose                                     MDCK        (He et al., [@CIT0034])
  PS-NP                         20 and 120 nm        Clathrin-mediated                                                           Monodansylcadaverine for cLSM studies                              MDCK        (Fazlollahi et al., [@CIT0022])
  Positively charged PEG-PLGA   90 nm                Clathrin-mediated, partially macropinocytosis                               Dominant-negative mutant polypeptides of clathrin, cLSM analysis   MDCK        (Harush-Frenkel et al., [@CIT0033])
  Negatively charged PEG-PLGA   96 nm                Clathrin-mediated, partially macropinocytosis                               Dominant-negative mutant polypeptides of clathrin, cLSM analysis   MDCK        (Harush-Frenkel et al., [@CIT0033])
  BSA-coated NP                 20, 40, and 100 nm   Caveolae-mediated                                                           cLSM analysis                                                      BLMVEC      (Wang et al., [@CIT0087])
  Nano-Mg(OH)~2~ particles      70 nm                Caveolae-mediated                                                           cLSM analysis                                                      HUVEC       (Meng et al., [@CIT0055])
  COOH-PS-NP                    43 nm                Clathrin-mediated                                                           Chlorpromazine                                                     HUVEC       (Lai et al., [@CIT0046])
  COOH-PS-NP                    24 nm                Cholesterol-independent, non-clathrin-mediated, and non-caveolae-mediated   Various inhibitors                                                 HUVEC       (Lai et al., [@CIT0046])
  Gold NP                       20 nm                Caveolae-mediated                                                           Genistein                                                          HMEC-1      (Landgraf et al., [@CIT0049])
  Gold NP                       40 nm                Clathrin-mediated and macropinocytosis                                      Chlorpromazine, wortmannin                                         HMEC-1      (Landgraf et al., [@CIT0049])
  Gold NP                       35 nm                Flotillin-dependent                                                         cLSM analysis                                                      hCMEC/D3    (Freese et al., [@CIT0027])

Transcytosis of nanomaterials {#s0005}
=============================

For most applications, nanocarriers need to enter and cross a layer of endo- and/or epithelial cells in order to successfully deliver their cargo. While there is the possibility of a paracellular transport, the key mechanism of overcoming these natural barriers is transcytosis. Nanocarriers designed for oral drug delivery at one point need to cross the intestinal barrier before being able to reach their target cells. Intravenous applied nanocarriers on the other hand need to cross the respective endothelial cell layers, for example the blood--brain barrier, to escape from the blood stream. However, the transcytosis efficiency of nanomaterial in these cells is fairly low, which limits the therapeutic possibilities for nanomedicine. It is thus essential to understand the molecular mechanisms behind transcytosis of nanomaterials.

The most common tool for transcytosis experiments is the so-called transwell system. Epithelial or endothelial cells are grown on a porous membrane to reach confluence and final differentiation. The barrier function can be tested by measuring the electric resistance of the monolayer, which is called TEER value (Ω × cm^2^). The transwell chamber itself consists of an apical and a basal side. If nanomaterial is added into the apical medium, the subsequently transcytosed fraction can be measured in the basal medium.

A range of studies focused on the transcytosis efficiency of different nanomaterials in different cell types. Interestingly, nearly all of them showed that only a minority of NPs is actually transcytosed through epi- and endothelial cell layers *in vitro* as well as *in vivo*. While some nanomaterials are simply not sufficiently taken up, the major problem for this lack of efficiency seems to be the fact that the majority of nanomaterials, after endocytosis, is trafficked within the endolysosomal pathway (He et al., [@CIT0034]; Ye et al., [@CIT0091]). Thus, the final fate of this pathway is the storage or degradation of the respective nanomaterial in lysosomes.

While transcytosis in general is a partially energy-dependent process (He et al., [@CIT0034]), the efficiency is largely impacted by size and charge of the examined nanomaterial. The smaller the NP, the better it is transcytosed across, for example through the intestine (Fowler et al., [@CIT0026]) or the blood--brain barrier (Liu et al., [@CIT0051]). Regarding the charge of nanomaterial, most but not all studies point out that positively charged polymeric NPs tend to cross epithelial cell layers with a higher efficiency compared to negatively charged NP. This could, for example, be shown for amidine- and carboxyl-modified 20--120 nm sized PNP in MDCK cells (Fazlollahi et al., [@CIT0022]). A significantly higher NP flux was also observed for aminated latex particles compared to their carboxylated equivalents in Caco-2 cells (des Rieux et al., [@CIT0016]). This difference in transcytosis efficiency might be due to the fact that positively charged NPs are able to avoid the lysosomal system, while negatively charged NPs accumulate inside lysosomes (Harush-Frenkel et al., [@CIT0033]).

A successful transcytosis event potentially includes trafficking routes via apical early endosomes (AEE), common endosomes and basolateral sorting endosomes (BSE) as well as sorting via the Golgi complex as shown by co-localization as well as inhibitor studies in MDCK cells (He et al., [@CIT0034]). In addition to sorting via the Golgi complex, the endoplasmic reticulum might be involved in transcytosis, as postulated for Caco-2 cells (He et al., [@CIT0034]). On the contrary, the transcytosis of albumin-coated NPs in BLMVEC cells was shown to be solely reliant on caveolae and caveosomes (Wang et al., [@CIT0087]). Last but not least, the whole process of transcytosis might additionally be dependent on the regulation of cytoskeleton and motor proteins (Wang et al., [@CIT0083]; He et al., [@CIT0034]).

Recent research additionally focused on improving the rate of transcytosis via NP bioconjugations with different proteins. For example, a functionalization of polymeric NPs with the constant portion of IgG (Fc part of immunoglobulin G) significantly increased the rate of transcytosis in Calu-3 airway epithelial cells (Vllasaliu et al., [@CIT0081]). In Caco-2 cells, transcytosis efficiency could be enhanced by 2-fold via this modification (Pridgen et al., [@CIT0065]). The same study revealed that targeting of the FcRn receptor *in vivo* enhanced the absorption efficiency from 1.2% per hour to 13.7% per hour. In addition, such targeted NPs containing insulin were able to achieve a prolonged hypoglycemic response in mice when orally administered at a clinically relevant insulin dose. The authors concluded that Fc-region-modified NPs essentially avoid the lysosomal pathway and are subsequently transcytosed with a higher efficiency. Similarly, a bioconjugation with vitamin B~12~ of 50 nm or 100 nm PS-NP not only increased the transport by 3-fold (for 50 nm NP) and 7-fold (100 nm), but also led to a pathway switch and prevented the NP trafficking to lysosomes (Fowler et al., [@CIT0026]). Yet another approach for oral drug delivery is a surface functionalization with folic acid to target the folate receptor. PLGA-NPs modified with folic acid highly increased the transcytosis efficiency in Caco-2 cells and might be used to enhance oral bioavailability (Roger et al., [@CIT0068]).

On the contrary, NPs targeted to the brain can be functionalized with transferrin to cross the blood--brain barrier more efficiently via transferrin receptor-mediated transcytosis, which could be shown for 45 and 80 nm sized NPs (Wiley et al., [@CIT0088]). A different study revealed that coating iron oxide NPs with PECAM-1 antibodies also considerably enhances the NP flux across hCMEC/D3 cells, another model for the blood--brain barrier (Dan et al., [@CIT0014]). An example for transcytosis of 12 nm gold NPs across a hCMEC/D3 endothelial cell layer grown on transwells observed via TEM can be found in [Figure 3](#F0003){ref-type="fig"}(Ye et al., [@CIT0092]).

![Transcytosis of 12 nm human serum albumin--gold nanoparticles across a hCMEC/D3 endothelial cell monolayer. In this study, the authors demonstrated a protocol for the *in vitro* determination of nanoparticle translocation across a cell monolayer using transmission electron microscopy. (a) Nanoparticles present in apical sorting vesicles within the cytosolic space. (b) Gold nanoparticles detected in different cytoplasmic regions. (c) Nanoparticles co-localizing with endosomes. (d) Nanoparticles co-localizing with lysosomes. (e) A single gold nanoparticle exits the basolateral cell membrane from a vesicle. (f) The nanoparticle is finally present in the basal compartment. EP: endocytic pit; ER: endoplasmic reticulum; EV: exocytic vesicle; E: endosome; L: lysosome; M: mitochondria; N: nucleus; TJ: tight junction (Ye et al., [@CIT0092]). Reproduced from D. Ye, K.A. Dawson, I. Lynch, A TEM protocol for quality assurance of *in vitro* cellular barrier models and its application to the assessment of nanoparticle transport mechanisms across barriers, Analyst 140(1) (2015) 83-97 with permission of The Royal Society of Chemistry.](IDRD_A_1501119_F0003_B){#F0003}

Additionally, a promising candidate, respectively, target for the intestinal transcytosis of nanocarriers might be M (microfold) cells, a cell type which is mainly localized in Peyer's patches in the small intestine (Gebert et al., [@CIT0030]). Their natural function is the transcytosis of antigens across the gut epithelium (Mabbott et al., [@CIT0052]). One of the major advantages of this cell type is the fact that the mucus layer is considerably thinner and thus cells are easier to access (Frey et al., [@CIT0028]). M cells in general are reported to have high transcytotic activities in apical-to-basal direction (Gebert et al., [@CIT0031]; Fievez et al., [@CIT0024]). In addition, M cells feature a significantly reduced intracellular lysosomal activity (Kunisawa et al., [@CIT0045]). The transcytosis of nanocarriers through M cells was already reported for several nanomaterials (Clark et al., [@CIT0011]; Parayath et al., [@CIT0063]) and M cells can also be targeted directly via nanocarrier surface modifications. For example, PEGylated PLGA-based NPs featuring RGD peptides as a targeting ligand at their surface were used to successfully target the β1 integrins on the apical side of M cells (Garinot et al., [@CIT0029]).

In summary, many studies have dealt with the process of transcytosis. Many different NP and cell combinations have been examined and the molecular mechanisms as well as the rate of transcytosis strongly depend on the utilized nanomaterial and its surface functionalization with targeting molecules. However, a reliable therapeutic nanocarrier system either for oral drug delivery or for crossing the blood--brain barrier still requires an improved transcytosis efficiency.

Exocytosis of nanomaterials {#s0006}
===========================

After nanomaterials enter animal cells via one of the endocytosis mechanisms outlined above, the cell determines the further trafficking. While it is possible that the nanocarrier gets: (1) degraded in lysosomes, (2) trafficked to a specific cellular organelle, or (3) released its cargo inside the cytosol, the cell might also (d) traffic it to the extracellular space. This process is called exocytosis and is of high interest due to the fact that nanocarriers need to be released from the cell to successfully transverse a barrier.

In general, exocytosis is an energy-dependent process, which could be shown for poly([d]{.smallcaps},[l]{.smallcaps}-lactide-co-glycolide) NPs with a size of approximately 100 nm in vascular smooth muscle cells (Panyam & Labhasetwar, [@CIT0062]). In addition, the size of nanomaterial seems to have a keen impact on the rate of exocytosis. In Hela cells, transferrin-coated Au NPs with sizes ranging from 14 to 100 nm were compared. The study revealed that smaller NPs were exocytosed at a faster rate and at a higher overall percentage than larger NPs (Chithrani & Chan, [@CIT0009]). Furthermore, the exocytosis rate of silicon particles loaded with 15 nm and 30 nm SPIONs in macrophages was examined via iron measurement of the cell culture media 2--7 days after the NP treatment. A significantly higher amount of iron was found for 15 nm SPIONs, indicating a higher efficiency of exocytosis for the smaller NPs (Serda et al., [@CIT0078]). Apparently, the surface chemistry of NPs also appears to affect the exocytosis efficiency, which could be shown for macrophages treated with gold NPs. While PEGylated gold NPs were exocytosed rather rapidly, cationic gold NPs agglomerated inside the cell, which significantly delayed their exocytosis (Oh & Park, [@CIT0058]). The authors therefore concluded that exocytosis, at least for gold NPs in macrophages, can be manipulated via surface modifications.

Exocytosis events of NPs are rather rare, which contributes to the low efficiency of transcytosis. Primarily depending on the endocytosis mechanism, several exocytosis pathways are possible: lysosomal escape and subsequent exocytosis, lysosomal fusion with the plasma membrane, multivesicular body (MVB) or late endosome fusion with the plasma membrane, and fusion of caveolae or caveosomes with the plasma membrane (Wang et al., [@CIT0086]; Sakhtianchi et al., [@CIT0073]). In accordance with the notable variability of endocytotic pathways, different nanomaterials are released to the extracellular space via different exocytosis mechanisms in different cell types.

In general, lysosomal fusion with the plasma membrane is a Ca^2+^-regulated process which is *inter alia* necessary for membrane repair mechanisms (Gerasimenko et al., [@CIT0032]). An example for lysosomal fusion with the plasma membrane with subsequent exocytosis could be shown for phosphonate-modified mesoporous silica NPs with an approximate size of 130 nm in various cell lines. Within 24 h, A549 (lung cancer) cells showed the highest exocytosis rate, followed by MDA-MB 231 (breast cancer), PANC-1 (pancreatic cancer), MCF-7 (breast cancer), MDA-MB 435 (melanoma cancer), and H9 (human embryonic stem cell line) cells. The lysosomal fusion and secretion were shown via cLSM co-localization studies and via measurements of the enzyme β-hexosaminidase, a marker for lysosomal exocytosis (Yanes et al., [@CIT0090]). Moreover, the study revealed that the Golgi apparatus was not involved in exocytosis in any of the tested cell lines. However, pharmacological inhibitors for microtubule formation and actin polymerization both inhibited exocytosis, proposing a function of both for the lysosomal transport and plasma membrane fusion, as already stated by previous research (Cordonnier et al., [@CIT0012]). A different study focused on 50 nm sized silica NPs in H1299 (human lung carcinoma) cells. The study revealed that NP clusters in lysosomes were easily exocytosed in comparison with free NPs in the cytoplasm (Chu et al., [@CIT0010]).

In addition to lysosomal exocytosis, exocytosis of MVBs might play a key role in the secretion of nanomaterial. TEM images of SPIONs trafficked in J774 macrophages illustrated a possible fusion of MVBs with the plasma membrane, which might be the mechanism responsible for the NP secretion (Serda et al., [@CIT0078]). Similar results proposing a possible key role for MVB in SPION secretion were observed in HMVEC (human microvascular vein endothelial) cells (Ferrati et al., [@CIT0023]). A study examining sub-100 nm Au-NP in Hela cells showed that NPs after uptake were trafficked toward the plasma membrane in late endosomes and lysosomes. The vesicles fused with the membrane and subsequently released the NPs, which were finally secreted by the cells (Chithrani & Chan, [@CIT0009]).

On the other hand, lipid rafts and especially cholesterol might also be involved in the process of nanomaterial exocytosis (Salaun et al., [@CIT0074]). A study focusing on the uptake of 60 nm sized cationic polysaccharide NPs in 16HBE cells observed a considerable increase in endocytosis after cholesterol depletion. To further analyze this result, they added filipin into the medium of NP-treated cells, which significantly decreased the rate of exocytosis (Dombu et al., [@CIT0017]). Finally, exocytosis can also be triggered by increasing the extracellular calcium concentration (Oheim et al., [@CIT0059]). This phenomenon was examined for gold NPs in HT-29 (human colonic adenocarcinoma) cells. It could be revealed that different Ca^2+^ concentrations in the medium (0--10 mM) influence the amount of exocytosed NPs. While the physiological extracellular calcium concentration in mammals is roughly 2 mM, even higher concentrations up to 10 mM increased the amount of exocytosed gold NPs (Chen et al., [@CIT0008]).

Most recently, a study shed light into potential endolysosomal escape and the resulting positive increase for exocytosis and a hereby associated increased transcytosis efficiency. Here, the addition of hemagglutinin-2 and/or metformin resulted in an increase in endolysosomal escape and subsequent exocytosis of P22NPs (NH~2~-C6-\[cMPRLRGC\]c-NH~2~ NPs). By simultaneously adding these two chemicals, the combination of endolysosomal escape and exocytosis triggered an increase in transcytosis efficiency of encapsulated insulin versus free insulin by a factor up to 5.1 (Cui et al., [@CIT0013]). The suspected pathway for successful combination of endolysosomal escape and basolateral stimulation is depicted in [Figure 4](#F0004){ref-type="fig"}.

![Putative pathways for endolysosomal escape and exocytosis of P22NPs in Caco-2 cells. The addition of hemagglutinin-2 and metformin led to an increase in endolysosomal escape and exocytosis of nanoparticles, overall resulting in an increase in transcytosis. The black arrows represent the pathways that were demonstrated by the authors (Cui et al., [@CIT0013]). Reproduced from Y. Cui, W. Shan, R. Zhou, M. Liu, L. Wu, Q. Guo, Y. Zheng, J. Wu, Y. Huang, The combination of endolysosomal escape and basolateral stimulation to overcome the difficulties of 'easy uptake hard transcytosis' of ligand-modified nanoparticles in oral drug delivery, Nanoscale (2018) with permission of The Royal Society of Chemistry.](IDRD_A_1501119_F0004_C){#F0004}

In essence, exocytosis is a very diverse and complex process with a variety of different factors involved. For many applications, especially drug delivery through natural barriers via nanocarriers, an exocytosis event is crucial at least once. The pathways show a huge diversity, depending on the material, surface chemistry, charge, size, and of course the different mammalian cell lines. A deeper understanding of the exocytosis process in epi- and endothelial cells might in addition contribute to an enhancement in transcytosis efficiencies. Thus, the process of exocytosis needs to be further examined in a broader spectrum of nanomaterials and cell lines.

Conclusion {#s0007}
==========

In theory, oral drug delivery via nanocarriers marks one if not the most promising approach for the oral delivery of pharmaceuticals. At least for peptide-based drugs, such a carrier system is urgently needed for a protection against the proteolytic environment in the stomach. However, several natural barriers of the human body impede the uptake or cellular traversal of nanocarrier systems. In the future, further research and development are needed to solve the following main problems of oral drug delivery via nanocarriers: (1) an enhanced penetration of the intestinal mucus barrier, (2) reliable uptake by enterocytes or other intestinal cell types, (3) enhanced efficiencies for the transversal of the intestinal cell barrier, in particular a solution for the often problematic trafficking into the endolysosomal system, and (4) a second transversal of endothelial cells to finally reach the bloodstream. Once these problems are solved, the encapsulation or complexation of a huge variety of drugs into nanocarriers could replace the intravenous injection of the pure drug, making millions of people's daily life easier and offer hitherto undescribed possibilities.
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